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Abstract 
The objective of this paper was to show that a combination of renewable energy sources with energy storage systems, which 
provide frequency containment reserves FCR (also called primary frequency control), improves the performance of both systems. 
This double benefit comes out in a reduction of intraday trading for the storage system and a leveled power injection of the 
renewables. 
Considering the regulations that apply for battery storage systems to provide FCR in Germany, interaction with other units is 
essential to guarantee availability of the system. This interaction is usually performed market based by intraday trading or by 
flexible power generation or consumption combined with the storage system. This paper, however, showed the benefits of 
interaction with fluctuating renewable energy sources.  
Energy storages and renewables were clustered to a common grid connection point to utilize the fluctuations of the renewable 
power generation directly for battery management. Simulation results based on sample photovoltaic and wind profiles showed the 
double benefit of the configuration. Intraday trading was reduced by 33% up to 57%. At the same time, fluctuations decreased, so 
the renewable power injection better matched a predefined power schedule. 
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1. Introduction 
Electricity balancing services like frequency containment reserves FCR (also known as primary frequency 
control) are essential for a safe operation of the power system. Up to now this service is usually provided by 
conventional power plants. However, the increasing penetration of renewable energy sources (RES) and the 
reduction of conventional power plants require new concepts and providers for those system services.  
Several approaches have been presented in literature, for example FCR provision by wind turbines and 
photovoltaic plants [1], but this concept requires permanent curtailment of renewable energy in order to provide 
positive FCR. Instead, battery energy storage systems (BESS) seem to be more promising, but feasibility strongly 
depends on the regulations.  
While FCR in France [2] and in Denmark [3] is organized in short time intervals and separately for upwards or 
downwards regulation, FCR in Germany has to be provided in both directions and for the period of one week. To 
account for these high requirements, the German TSOs published guidelines to organize and facilitate BESS 
operation for FCR [4], [5].  
One of the basic concepts is the interaction of the BESS with other units in the power system, which is inevitable 
to maintain permanent availability despite limited capacity. This interaction can either be realized market based by 
intraday trading (IDT), which means changing power schedules of other units abiding by defined lead times [6], [7]. 
However, this service can be quite expensive depending on the flexibilities available in the power system. 
The second way of interaction with other units is to utilize the flexibilities regarding their own power schedules. 
In [8], a flexible industrial load provides SOC (state of charge) management, which for example means the BESS 
can be charged by reducing the load compared to its actual power schedule. Similarly, [9] and [10] propose a 
combination of BESS with thermal power plants. 
 
This paper deals with a BESS that provides FCR combined with fluctuating RES. So in comparison to the 
approaches presented above, the power available for SOC-management is random and cannot be influenced. It will 
be shown, that this concept offers a double benefit. It improves SOC-management for FCR and contributes to RES 
power leveling at the same time. 
The paper is organized as follows. Section 2 presents the regulations that apply to BESS in order to provide FCR 
in Germany, especially in terms of SOC limits and operating range. Section 3 deals with the proposed combination 
of RES and BESS to provide FCR and RES power leveling, the renewable power profiles applied for simulation and 
the operation strategy for the BESS. In section 4 simulation results are presented for different storage capacities and 
renewable power combinations which prove the benefits of the proposed system in terms of SOC-management and 
RES leveling. 
 
 
Nomenclature 
RES renewable energy sources 
PV photovoltaic 
WT wind turbine 
BESS  battery energy storage system 
SOC state of charge 
FCR frequency containment reserves  
IDT intraday trading 
OF overfulfilment 
DB dead band control 
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2. Regulations for providing frequency containment reserves by batteries 
In 2015, the German TSOs published requirements for batteries and plants with limited capacity to provide FCR 
[5]. Referring to the future Network Code on Load-Frequency Control and Reserves (NC LFCR), batteries need to 
be capable of providing the full FCR power for at least 30 minutes (“30-minutes-criterion”). These definitions result 
in a correlation between SOC and energy/power ratio as shown in Fig. 1. If for example the energy/power ratio 
equals two, a battery can provide full power for two hours. Consequently, the 30-minutes-criterion requires 25% of 
the capacity in both directions (charging and discharging) as a reserve, so the battery can be operated between 25% 
and 75% SOC. For smaller capacities, the permitted operating range decreases, while it increases for higher 
capacities. 
In [5], normal frequency conditions are defined, in which the operating range must not be left, and abnormal 
frequency conditions, in which the operating range may be left for a maximum of two hours. These conditions 
comprise frequency deviations of  200 mHz, of  100 mHz for at least 5 minutes or of  50 mHz for more than 15 
minutes. 
Due to the stochastic behavior of frequency deviations including also longer periods of one-sided deviations, 
SOC-management is essential to satisfy the SOC limits shown in Fig. 1. In [4], several options for SOC-management 
are specified, e.g. overfulfilment (OF), dead band control (DB), IDT or combination with other units which provide 
flexible generation or consumption. 
OF describes the option to increase the power calculated from the linear P(f)-correlation by up to 20% to decrease 
high or increase low SOCs. DB allows the battery to operate within the 10 mHz dead band around 50 Hz. Applying 
IDT, energy can be bought or sold at the intraday market, but the trade must be announced at least 15 minutes before 
delivery and must stick to 15 minutes time intervals.  
 
Based on these requirements and guidelines, the next section deals with the BESS-RES-configuration to be 
investigated, the applied RES power profiles and the operation strategies for the BESS. 
 
3. Combining frequency containment reserves and renewable power leveling 
3.1. Configuration 
Fig. 2 shows the proposed configuration for FCR and renewable power leveling, in which RES and BESS are 
clustered to a common grid connection point. As discussed in [11], such a configuration offers several advantages 
compared to the common practice, in which renewables are connected to the nearest grid connection point. One of 
those benefits is to handle line overload and voltage problems much easier, as renewable power injection is limited 
to a few well-known interconnection points.  
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PBESS
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PV
 
 Fig. 1. Operating range for BESS providing FCR  Fig. 2. Combination of BESS and RES to one point of common coupling 
 depending on the energy/power ratio [5]. featuring FCR provision and leveled RES power injection.  
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The focus of this paper is the viability of this configuration to combine FCR and renewable power leveling. For 
this purpose eight different configurations are investigated according to Table 1. The storage configurations a) and 
b) refer to the blue lines marked in Fig. 1 and implicate a FCR power of 5 MW. The BESS is modelled as a Lithium-
Ion battery system according to [12] including battery voltage as function of the SOC, battery internal resistance, 
converter losses and transformer losses.  
 Configurations 1a) and 1b) represent FCR provision by BESS as a standalone system and serve as reference for 
the improvement by the proposed RES combination. Configurations 2-4 account for the different characteristics of 
photovoltaic (PV) and wind power (WT). 
 
The following simulations investigate the system behavior over the period of one year, based on frequency data 
of 2013 and emulated RES power profiles, which will be explained in the next subsection. 
 
3.2. Emulation of renewable power profiles 
Besides FCR provision, the configuration shown in Fig. 2 aims at leveling out short-term fluctuations, so that 
renewable power injection better matches a predefined schedule. Assuming power schedules of 15 min, common 
measurement data from PV or WT, which have a time resolution of 5 to 15 min, are not sufficient. So to obtain 
appropriate power profiles, measurement data from 2013 of a PV and WT power plant in southern Germany were 
interpolated to satisfy a time resolution of 1 min. This was done by utilizing minimum and maximum values of 
power generation, which have been included in the measurement data in addition to the average values.  
 
Fig. 3 shows an exemplary RES power profile resulting from that procedure. The blue line represents the time 
curve of the renewable power generation in 1 min resolution, the yellow curve an exemplary power schedule in 15 
min intervals, which could be used by the power system operator for day-ahead or intraday planning. The red line is 
the 15 min mean of PRES, which usually does not match the power schedule exactly. Based on these time curves, 
several definitions are made for later reference. The difference between consecutive power schedules is labeled as 
ΔPscheduled, whereas ΔPRES, 15min and ΔPRES, 15min, leveled denote the variation between real 15 min mean values without and 
with BESS, respectively. 
 
The following equations describe the deviations from the power schedule before and after leveling by the BESS 
(refer to Fig. 2):  
 
RES RES, mean15min, scheduled RES 'P P P  (1) 
RES, leveled RES, mean15min, scheduled RES, PCC 'P P P  (2) 
RES, PCC RES, BESS RES'  ' 'P P P  (3) 
 
According to (3), ΔPRES, PCC describes the power deviations which are not compensated by the BESS and 
forwarded to the grid. 
 Table 1. Configurations and parameters for Fig. 2. 
SOC-management 
BESS parameter 
5 MW / 10 MWh 5 MW / 15 MWh 
IDT, DB, OF 1a) 1b) 
IDT, DB, OF, RES (PV: 3 MW, WT:  7 MW) 2a) 2b) 
IDT, DB, OF, RES (PV: 5 MW, WT:  5 MW) 
IDT, DB, OF, RES (PV: 7 MW, WT:  3 MW) 
3a) 
4a) 
3b) 
4b) 
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3.3. Operation strategies for the BESS 
Having defined configurations and input signals for the simulations, this subsection deals with the two basic 
operation strategies for the BESS beyond OF and DB. Therefore, the next paragraph introduces the proper 
implementation of intraday trading, in order to adhere to the regulations presented in section 2. After that, the 
interaction between BESS and RES is presented. 
3.3.1. Intraday trading 
 
IDT is announced when the SOC approaches the upper or lower limit of the operating range, but the 
announcement has to account for intraday market lead times of at least 15 min and the delivery time frames of full 
quarters of an hour. Consequently, the SOC limits for IDT announcement are defined such that a frequency 
deviation of 50 mHz can be withstood for 30 min without leaving the operating range. This corresponds to the 
definition of normal and abnormal frequency situations explained in section 2. 
3.3.2. Interaction with RES 
 
The power deviations ΔPRES serve as input for the BESS. So providing the SOC is not too high or too low, the 
battery absorbs power deviations, if ΔPRES > 0 and compensates power deficits, if ΔPRES < 0.  
More precisely, a hysteresis allows battery charging by RES, if SOC < 0.55 and stops charging, if the SOC 
approaches the limit for intraday trading nearer than 5%. The same principle applies for discharging activated when 
SOC > 0.45. 
3.3.3. Simulation results 
 
Fig. 4 illustrates the principle of the explained operation strategies based on a time plot of 90 hours. In the 
beginning the SOC approaches the lower limit and IDT is announced. Between 3923 h|t  and 3933 h|t the SOC 
is low again, so only renewable charging is allowed (ΔPRES, BESS < 0), while discharging is blocked. After that follows 
a long period of more than one day permitting both renewable charging and discharging.  
 
Fig. 3. Renewable power profile displaying fluctuations within 15 min ( RES'P ) and between 15 min mean values ( RES, 15min'P ). 
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At 3965 h|t the upper limit is exceeded, so RES charging is blocked, while RES discharging is able to stabilize 
and reduce the SOC by approx. 10%. Intraday trading, however, is only required at the beginning and the end of the 
displayed period, which yields more than three days, in which SOC-management is performed by OF, DB and RES 
only. 
To prove proper BESS operation also for longer periods, Fig. 5 shows a histogram of the SOC over one year. The 
required operating range of 25% to 75% is satisfied. 
 
Having shown the operation strategies for the BESS as standalone system and in combination with RES, the 
following section will evaluate the simulation results over one year with regard to intraday trading and RES 
deviations within and between power schedules. 
 
4. Improvements obtained by the proposed RES-BESS-combination 
4.1. Reduction of intraday trading 
Fig. 6 displays the purchased and sold energy on the intraday market for the two different BESS capacities and 
different WT/PV combinations according to Table I. Compared to the standalone configuration 1a) and 1b), a 
combination with renewables reduces intraday trading by 33% up to 57%. The height of reduction increases with 
higher WT/PV ratio (e.g. -46% vs. -36%) and with higher capacities (e.g. -55% vs. -46%). These results prove the 
ability of the proposed BESS-RES-configuration to reduce intraday trading compared to a standalone battery 
system.  
 
4.2. Reduction of RES fluctuations within the power schedule 
The second objective of the configuration depicted in Fig. 2 is to reduce the deviations ΔPRES from the 15 min 
power schedule. This can be verified by Fig. 7, which shows histograms of the remaining deviations at the PCC 
ΔPRES, PCC for different WT/PV ratios (a-c) and the different storage capacities. The blue bars represent the deviations 
without any storages and serve as reference for the improvement. 
       
 Fig. 4. Time curves of the BESS during FCR provision  Fig. 5. SOC histogram (configuration 1a). 
 (configuration 3a).        
 Stefan Henninger et al. /  Energy Procedia  99 ( 2016 )  147 – 156 153
(a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
(b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Purchased (a) and sold (b) energy on the intraday market. 
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Fig. 7. RES deviations from the 15 min power schedule for different WT/PV ratios and storage capacities. 
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Considering Fig. 7a in terms of the maximum positive deviations observed, the values in the blue right bar lie 
between 0.2 and 0.67 for a high WT/PV ratio and sum up to approx. 200 hours per year. However, for a low WT/PV 
ratio (Fig. 7c), the maximum deviations that occur in approx. 200 hours per year are only found between 0.1 and 
0.42. Consequently based on the PV and WT profiles applied here, the fluctuations within 15 min are generally 
higher for a higher amount of WT.     
The combination with the BESS reduces the fluctuation frequency significantly, for example from 200 hours of 
fluctuations higher than 0.2 to less than 20 hours in Fig. 7a. However, the maximum height is only reduced 
considerably for positive deviations ΔPRES, PCC > 0, e.g. from 0.42 to 0.3 in Fig. 7c. The differences between 10 MWh 
and 15 MWh capacities are relatively small. 
 
Altogether, reducing fluctuations within the power schedule as shown in Fig. 7 is very beneficial for the power 
system, as it reduces FCR activation. But also the deviations between consecutive power schedules influence the 
power system, since high fluctuations require fast and large backup capacities.   
 
4.3. Reduction of fluctuations between consecutive power schedules 
Fig. 8 shows histograms of the variations ΔPRES, 15min, leveled between consecutive 15 min mean values at the PCC for 
different WT/PV ratios (a-c) and different storage capacities. 
The WT/PV ratio of one (Fig. 8b) features the lowest deviations |ΔPRES, 15min, leveled| > 0.2, in particular less than 20 
hours per year even without BESS. The BESS reduces the maximum deviation height for both positive and negative 
variations regardless of the WT/PV ratio. A considerable difference between 10 MWh and 15 MWh storage capacity 
can be observed for the high WT/PV ratio in Fig. 8a. In this configuration also the frequency of deviations above 0.2 
decreases. 
 
So even though the BESS operation is only based on the power deviations ΔPRES within the 15 min power 
schedules, it also reduces fluctuations between consecutive 15 min mean values. Referring back to Fig. 3, this 
basically means the BESS operation shifts the mean values PRES, mean15min, since depending on the SOC, the BESS 
might compensate either positive or negative deviations ΔPRES, BESS instead of both (see Fig. 4). As the results in Fig. 8 
show, this shifting of PRES, mean15min has a positive effect and decreases fluctuations between consecutive mean values. 
 
5. Conclusion 
In this paper a combination of RES and BESS is presented, which provides FCR and RES power leveling at the 
same time. Simulation results show a double benefit that comes out in reduced intraday trading for the BESS and 
decreased fluctuations of the renewable power injection. 
 
Beginning with the regulations that apply to BESS in Germany to provide FCR (section 2), section 3 dealt with 
the clustering of RES and BESS to one common grid connection point and the operation strategies for the BESS. 
These strategies include intraday trading and charging and discharging by renewables to compensate their deviations 
from the power schedule. In section 4 simulation results based on grid frequency data and exemplary WT/PV power 
profiles were presented for different storage capacities and WT/PV combinations. The results prove the double 
benefit of the proposed system, which means reduced intraday trading for SOC-management and decreased 
fluctuations of the renewable power injection. 
   
Future research should focus on adding middle and long term storage to the configuration in Fig. 2. So renewable 
power fluctuations can be further reduced or limited. Doing this, the proposed configuration not only provides 
system services like FCR. Additionally, the renewable power injection clustered to a point of common coupling 
becomes more schedulable and reliable, thereby providing increasing benefits for the power system. 
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Fig. 8. RES fluctuations between 15 min mean values for different WT/PV ratios and storage capacities. 
 
 
Acknowledgements 
The authors would like to thank Jonas Pamer, University of Erlangen, for his contribution to this work. 
References 
[1] M. Schmidt et al., “Case Study on Primary Frequency Control with Wind-Turbines and Photovoltaic Plants,” in Power Systems Computation 
Conference (PSCC), 2014©IEEE. doi: 10.1109/PSCC.2014.7038112 
[2] S. Amamra et al., “Day-ahead Primary Power Reserve Planning and Day-D Primary Frequency Control of a Li-Ion Battery,” in PowerTech, 
2015©IEEE. doi: 10.1109/PTC.2015.7232677 
[3] P. C. Kjær and R. Lærke, “Experience with primary reserve supplied from energy storage system,” in 17th European Conference on Power 
Electronics and Applications (EPE), 2015©IEEE. doi: 10.1109/EPE.2015.7311788 
[4] Deutsche ÜNB, “Eckpunkte und Freiheitsgrade bei Erbringung von Primärregelleistung – Leitfaden für Anbieter von Primärregelleistung,“ 
03.04.2014. 
[5] Deutsche ÜNB, “Anforderungen an die Speicherkapazität bei Batterien für die Primärregelleistung,“ 26.08.2015.  
[6] O. Mégel et al., “Maximizing the Potential of Energy Storage to Provide Fast Frequency Control,” in 4th IEEE/PES Innovative Smart Grid 
Technologies Europe (ISGT Europe), 2013©IEEE. doi: 10.1109/ISGTEurope.2013.6695380 
156   Stefan Henninger et al. /  Energy Procedia  99 ( 2016 )  147 – 156 
[7] S. Gerhard and F. Halfmann, “Entwurf einer Betriebsstrategie für Batteriespeicher zur Teilnahme am Primärregelleistungsmarkt,“ in 
Konferenz für Nachhaltige Energieversorgung und Integration von Speichern (NEIS), Hamburg, 2014. 
[8] F. Wandelt et al., “Kombination von industriellen Verbrauchsanlagen mit Batteriespeichern zur Regelleistungserbringung,“ in Konferenz für 
Nachhaltige Energieversorgung und Integration von Speichern (NEIS), Hamburg, 2014.  
[9] J. Jomaux et al., “Cost-based dimensioning of Battery Energy Storage and energy management system for Frequency Containment Reserves 
provision,“ in Power & Energy Society General Meeting, 2015©IEEE. doi: 10.1109/PESGM.2015.7285849 
[10]R. Hollinger et al., “Frequenzhaltung als Serviceleistung dezentraler Solarstromspeicher,“ in VDE-Kongress 2014 - Smart Cities, Intelligente 
Lösungen für das Leben in der Zukunft, Frankfurt, 2014. 
[11]S. Henninger et al., “An advantageous grid integration method and control strategy for renewable energy sources and energy storage 
systems,” in International ETG-Congress 2015 - Die Energiewende, Blueprints for the new energy age, Bonn, 2015.  
[12]“Totally Integrated Power – SIESTORAGE, The modular energy storage system for a reliable power supply” [Online]. Available: 
http://w3.siemens.com/powerdistribution/global/SiteCollectionDocuments/en/mv/power-supply-solutions/siestorage/brochure-
siestorage_en.pdf 
 
 
 
 
 
